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We discuss the fine structure and spin dynamics of spin-3/2 centers associated with silicon vacan-
cies in silicon carbide. The centers have optically addressable spin states which makes them highly
promising for quantum technologies. The fine structure of the spin centers turns out to be highly
sensitive to mechanical pressure, external magnetic and electric fields, temperature variation, etc.,
which can be utilized for efficient room-temperature sensing, particularly by purely optical means
or through the optically detected magnetic resonance. We discuss the experimental achievements in
magnetometry and thermometry based on the spin state mixing at level anticrossings in an external
magnetic field and the underlying microscopic mechanisms. We also discuss spin fluctuations in an
ensemble of vacancies caused by interaction with environment.
I. INTRODUCTION
Silicon carbide (SiC) has been attracting growing at-
tention due to diversity of its polytypes with remarkable
and tunable electric and optical properties as well as ra-
diation stability. Of particular interest for fundamental
research in optics and applications in sensorics and spin-
tronics are optically addressable color centers associated
with the defects of crystal lattice. Such color centers
are characterized by spin-dependent optical cycles: their
spin states can be selectively initialized and read-out by
optical means and, additionally, efficiently manipulated
by a radiofrequency (RF) field [1]. The color centers dis-
covered in SiC [2] can be gathered in two wide classes
depending on their spin in the ground state, S = 1 or
S = 3/2.
Examples of color centers with the integer spin S = 1
in SiC and, accordingly, with the triplet ground state in-
clude silicon-carbon divacancies of the neighbouring posi-
tions with covalent molecular bond (known as P6/P7) [2–
5] and recently discovered silicon vacancy-nitrogen pairs
(VSiNC) [6, 7]. The spin and optical properties of these
triplet centers are quite similar to those of the well-known
negatively-charged nitrogen vacancy center (NV−) in di-
amond [8]. In particular, the zero-field spin splitting of
the ground state between the levels with the spin pro-
jections m = ±1 and m = 0 along the defect axis is
in the GHz range as it is for NV− centers in diamond
2.9 GHz. The centers can be optically pumped into the
state with the spin projection m = 0 through a spin-
dependent intersystem-crossing pathway [3, 9, 10].
Centers with the half-integer spin S = 3/2 and, accord-
ingly, the quadruplet ground state are represented in SiC
by silicon vacancy-related centers (VSi, also denoted as
V2 in literature) [11, 12]. They are negatively charged
silicon vacancies in the paramagnetic state [2, 4, 13–17]
that, according to the ENDOR experiments [18], are non-
covalently bonded to neutral carbon vacancies in the non-
paramagnetic state located on the adjacent site along the
SiC c-axis. The ground state of VSi in zero magnetic field
is split into two Kramers doublets with the zero-field spin
splitting lying in the MHz range [19]. Due to bright and
stable photoluminescence (PL), moderate value of the
zero-field splitting, narrow broadening of spin sublevels,
VSi are proposed for appealing quantum applications [20–
22]. They can be coherently manipulated at room tem-
perature [12, 23–25] and reveal a long spin coherence ex-
ceeding 20 ms at cryogenic temperatures without isotope
purification [26]. Together with demonstrated integra-
tion of spin centers into SiC photonic cavities [27–29]
and narrow zero-phonon line (ZPL) transitions [21], these
observations make the SiC platform very attractive for
quantum communication and information processing.
Furthermore, because the fine structure of VSi is sen-
sitive to external fields, temperature variation, mechani-
cal pressure, etc., these centers can be utilized for quan-
tum sensing and metrology [30, 31]. Particularly, high-
precision vector magnetometry [32–34], all-optical mag-
netometry [35] and thermometry [36] as well as strain
sensitivity [37] with VSi and other vacancy-related de-
fects have been demonstrated. The VSi centers can be
integrated into SiC nanocrystals [38], and given their
non-toxicity as well as near infrared emission and excita-
tion spectral ranges [39], where the absorption in tissue is
weak, they are potentially suitable for monitoring physi-
cal and chemical processes in living organisms.
The technology of the growth of high-quality
monocrystalline SiC has been well developed [40–43].
The commonly used methods for the growth of large-
size SiC crystals are the modified Lely method, also
known as the Physical Vapor Transport (PVT) [40, 41],
and the High Temperature Chemical Vapor Deposition
(HTCVD) [43]. PVT is based on the sublimation of a
polycrystalline SiC source, placed in a hot zone of the
growth chamber, and the transport of the vapor phase
to a SiC substrate, placed in a relatively cool zone of the
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2chamber, on which the crystal growth occurs. More de-
tailed description of the PVT of SiC can be found, e.g.,
in Refs. [41, 44]. HTCVD is a development of the CVD
technology with significantly higher growth temperature
(>1900◦C) which enables a high-rate growth of epitaxial
SiC films. More details about the HTCVD of SiC includ-
ing the growth mechanisms and the types of reactors can
be found in Refs. [43, 45]. Both techniques provide high-
purity (the concentration of uncontrollable impurities is
less than 1015 cm−3) large-diameter (up to 150 mm) SiC
wafers, crystals of n- or p-type conductivity, and semi-
insulating crystals [43, 44]. All the mentioned above
types of SiC single-crystal substrates are commercially
available. Moreover, isotopic engineering of SiC crystals
has been successfully demonstrated [46–48]. Particularly,
shallow donors and deep-level defects have been studied
in PVT-grown SiC single crystals enriched with 13C, 28Si
or 29Si isotopes.
Using electron [5, 49] and neutron [50] irradiation, the
vacancy-related defect concentration in SiC can be con-
trolled over 8 orders of magnitude down to single defect
level. Recent demonstrations of 3D engineering of defect
locations with focused ion beams [51, 52] open a path
to the fabrication of hybrid quantum chips, for instance,
quantum sensors with electrical control [53, 54] or room-
temperature single photon emitters on demand [55, 56].
In this review paper, we discuss the fine structure, spin
dynamics and optical properties of VSi (V2) spin centers
in the most common and technologically available poly-
type 4H-SiC. We give an overview of the applications of
the spin centers for all-optical measurements of magnetic
fields and temperature and discuss the underlying mech-
anisms and microscopic theory. We also present a the-
ory of spin fluctuations in an ensemble of VSi caused by
interaction with environment and show that the correla-
tion function of the luminescence intensity g(2) contains
information about the spin fluctuations and the spin re-
laxation time.
The paper is organized as follows. In Section II we
describe the structure of spin levels of VSi centers in an
external magnetic field. Section III is devoted to the op-
tical properties of VSi, spin dynamics, and the mechanism
of the optical signal formation. In Section IV the applica-
tion of VSi for all-optical magnetometry and thermometry
is discussed. In Section V, we describe briefly the spin
noise in an ensemble of VSi. Section VI summarizes the
paper.
II. SPIN STRUCTURE OF
SI-VACANCY-RELATED CENTERS
The fine structure of a VSi spin-3/2 center is deter-
mined by the real atomic arrangement which is described
by the C3v point group. Due to the presence of a prefer-
able axis parallel to the crystal c-axis, the ground state
of the spin center in zero magnetic field is split into two
Kramers doublets with the spin projections m = ±1/2
and ±3/2 along the c-axis. An external magnetic field B
splits the levels ±1/2 and ±3/2 further.
The effective Hamiltonian of a spin-3/2 center with
the C3v symmetry to first order in the magnetic field
B = (B⊥, Bz) has the form [35]
H = H0 +H1‖ +H1⊥ , (1)
where H0 is the zero-field Hamiltonian,
H0 = D
(
J2z −
5
4
)
, (2)
H1‖ andH1⊥ are the Zeeman terms in the magnetic fields
B⊥ and Bz, respectively,
H1‖ =
[
g‖Jz + g2‖Jz
(
J2z −
5
4
)
+ g3‖
J3+ − J3−
4i
]
µBBz,
H1⊥ = g⊥µBJ⊥ ·B⊥ + 2g2⊥µB
{
J⊥ ·B⊥, J2z −
3
4
}
+ g3⊥µB
{J2+, Jz}B+ − {J2−, Jz}B−
2i
,
Jx, Jy, Jz are the spin-3/2 operators (the matrix forms of
these operators can be found, e.g., in Ref. [57]), J⊥ =
(Jx, Jy), J± = Jx± iJy, B⊥ = (Bx, By), B± = Bx± iBy,
{A,B} = (AB+BA)/2 is the symmetrized product, z is
the axis parallel to c-axis, x and y are the perpendicular
axes with y lying in a mirror reflection plane, and µB is
the Bohr magneton.
In systems of the C3v symmetry, all six g-factors (g‖,
g⊥, g2‖, g2⊥, g3‖, and g3⊥) describing the energy spec-
trum and the structure of spin sublevels in the mag-
netic field are generally linearly-independent. The pa-
rameters of the effective Hamiltonian can be obtained
from the spectra of optically detected magnetic resonance
(ODMR) in the static magnetic field [35]. In structures
with weak spin-orbit coupling, such as SiC, the g-factor
components g2‖, g2⊥, g3‖, and g3⊥ are small compared to
g‖ ≈ g⊥ ≈ 2. The components g3‖ and g3⊥ stems from
the trigonal asymmetry of the vacancy. In RF magnetic
field, they enable magneto-dipole spin transitions with
the spin projection change ∆m = ±2 which are forbidden
in the axial approximation. The presence of such “forbid-
den” lines is clearly visible in ODMR spectra, see, e.g.,
Ref. [32] and the ν3 and ν4 lines in Fig. 2a. The micro-
scopic mechanism of ODMR signal formation is discussed
below in Sec. III.
The excited state of the vacancy-related center has a
similar spin structure. It can be also described by the
effective Hamiltonian (1). However, the parameters of
the Hamiltonian are different from those for the ground
state.
Figure 1 shows the energy spectrum of the ground
and excited states of a silicon vacancy in the magnetic
field directed along the c-axis of the crystal. At zero
field, the ground and excited spin levels are split into
Kramers doublets. For the VSi(V2) center in 4H-SiC,
the zero-field splittings of the ground and excited states
32D
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FIG. 1. (a) The structure of the spin levels of the ground and
excited states of a Si-vacancy-related spin center in SiC in
an external magnetic field B ‖ z. The colored circles visual-
ize the positions of anticrossings and the orange lines labeled
ν1 . . . ν4 denote the spin transitions observed in ODMR spec-
tra. (b) Scheme of the optical initialization and read-out of
spin state. Optical pumping leads to a preferential population
of the ±1/2 spin sublevels. The PL intensity is higher when
the system is in the ±3/2 spin states. The populations of spin
sublevels can be additionally manipulated by a RF field.
at room temperature are 2D/h ≈ 70 MHz [4, 14] and
2D′/h ≈ 410 MHz, respectively. In the magnetic field Bz,
the spin sublevels are split further and shift linearly with
the field. At certain magnetic fields, the ground-state
sublevel with the spin projection m = −3/2 would cross
with the sublevels with the spin projections m = +1/2
and m = −1/2. In reality, due to a small perpendic-
ular magnetic field component B⊥ caused by a slight
misalignment of the external magnetic field or due to un-
avoidable internal magnetic fields caused, e.g., by hyper-
fine interaction with surrounding nuclei, the level cross-
ings turn into the level anticrossings denoted in Fig. 1 by
GSLAC-1 and GSLAC-2, respectively. Similar crossings,
ESLAC-1 and ESLAC-2, occur between the excited-state
spin sublevels at higher magnetic fields.
The described above spin structure of VSi centers can
be directly revealed in optical measurements. This is
illustrated below with photoluminescence and ODMR
measurements on natural and isotopically purified 4H-
SiC crystals. The latter consist of above 99.0% 28Si nu-
clei with zero nuclear spin, in order to elude the hyper-
fine interaction. The samples contain silicon vacancies
of the density 2 × 1014 cm−3, which were introduced by
irradiation with neutrons. To optically address VSi spin
states, a 785-nm laser diode is used. The PL of VSi cen-
ters, which lies in the near-infrared range [39], is detected
by a Si photodiode through a 900 nm long-pass filter.
The output signal is locked-in. A static magnetic field B
can be applied in an arbitrary direction using a 3D coil
arrangement in combination with a permanent magnet.
Additionally, to manipulate the VSi spin states in ODMR
measurements, a RF field from a signal generator can be
introduced to the sample via a copper stripline.
Evolution of the ODMR spectrum of VSi (V2) centers
in 4H-SiC with the increase of the magnetic field directed
along the c-axis is shown in Fig. 2. At zero field (Fig. 2b),
two peaks in the ODMR spectrum are visible at the ex-
pected spectral positions of the ground-state (GS) and
excited-state (ES) zero-field splittings 2D and 2D′, re-
spectively. Due to the short lifetime of the excited state
of about 6 ns [50], the latter peak can only be resolved at
high RF powers.
With the increase of the magnetic field strength
(Fig. 2a), both peaks in the ODMR spectrum are split,
as the result of the Zeeman splitting, into four separate
lines. Each line is denoted according to the transitions
assigned in Fig. 1a. The magnetic field values, at which
the level anticrossings GSLAC-1 and GSLAC-2 occur,
are directly visible as the turning points of the ν1 and
the ν3 lines. While the ODMR signals stemming from
the RF-driven spin transitions in the excited state are
not directly observed, the magnetic field corresponding
to the level anticrossing in the excited state ESLAC-1
can nevertheless be determined from the change in the
contrast of the ν1 line at around 15 mT. The observation
of the contrast change in the ν1 line rather than in the
ν2 line indicates the order of the spin sublevels in the
ES, with the m = ±3/2 state having higher energy than
the m = ±1/2 state (positive zero-field splitting 2D′ in
ES) [24, 35].
The splittings (small energy gaps) between the levels
at GSLAC-1 and GSLAC-2 can be determined from the
spectral position of the turning points of the ν1 and ν3
lines. As expected, the splittings depend on the perpen-
dicular magnetic field component B⊥. This dependence
is quantitatively analyzed in Fig. 3a where the ODMR
spectra in the vicinity of the GSLACs for different B⊥
are compared. It is evident from Fig. 3b that the energy
gaps between the levels at both GSLACs increase with
B⊥, however with different slopes. Also the splitting at
GSLAC-2 is smaller than the splitting at GSLAC-1. The
reason is that the GSLAC-1 emerges because of the cou-
pling between the states with spin projection difference
∆m = 1 while GSLAC-2 emerges because of the cou-
pling between the states with ∆m = 2. The latter cou-
pling requires the account for the trigonal asymmetry of
the silicon vacancy or the second order in B⊥ terms and,
therefore, is weaker.
III. OPTICAL PROPERTIES OF SILICON
VACANCIES
The spin of a vacancy-related center can be efficiently
initialized and read-out by optical means. The optical ex-
citation followed by spin relaxation in the excited state
4FIG. 2. (a) Evolution of the ODMR signals from V2 cen-
ters in 4H-SiC with the magnetic field along the c-axis. The
appearing lines are denoted according to the transitions de-
picted in Fig. 1. Additionally, solid and dashed lines represent
calculated positions of the ODMR peaks in case of a dimin-
ishing contrast. (b) ODMR spectrum at zero magnetic field.
The two peaks are ascribed to the GS zero field splitting at
around 70 MHz (orange) and the ES zero field splitting at
around 410 MHz (green).
or spin-dependent recombination via a metastable state
leads to a preferential population of the m = ±1/2 spin
sublevels in the ground state, see Fig. 1b. The intensity
of the optical cycle is also spin dependent: for the V2
center in 4H-SiC studied here the intensity of photolumi-
nescence is higher when the system is in the m = ±3/2
states and lower when the system is in the m = ±1/2
states, which is used for optical read-out of the spin state.
The preferential optical pumping of certain spin states
together with the spin dependence of the optical cycle
rate underlies the microscopic mechanism of ODMR sig-
nal formation. It also follows that the PL intensity is
sensitive to the variation of spin relaxation rate or to the
spin state mixing which occurs at level anticrossings.
Strong variation of PL intensity in the vicinity of level
anticrossings is indeed observed in experiments. Figure 4
shows the dependence of the PL intensity on the mag-
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FIG. 4. Variation of PL intensity with the magnetic field
oriented along the c-axis. The mixing of spin states at the
vicinity of level anticrossings in the ground and excited states
leads to a pronounced change of the PL intensity. The data
are obtained at T = 80 K.
netic field B applied along the c-axis. For better visi-
bility, the dependence is measured and presented as the
first deviation of the PL signal, which is initialized by a
small alternating magnetic field applied additionally to
the static one. At the magnetic fields corresponding to
the level anticrossings in the ground state, GSLAC-1 and
GSLAC-2, and the level anticrossing in the excited state,
ESLAC-2, the PL intensity varies. Such a behavior is
caused by the mixing of spin sublevels with different spin
projections. As expected, the sharpest variation of the
PL is observed at the “forbidden” anticrossings. Here,
the mixing of spin sublevels is weaker and, therefore, the
magnetic field range where the mixing plays an impor-
tant role is smaller.
The above spin-dependent optical properties includ-
ing the PL variation at GSLACs can be theoretically de-
scribed in the formalism of the spin density matrix. An
ensemble of spin-3/2 centers is described by the 4 × 4
spin density matrix ρ with 15 real linearly independent
components which stand for 3 components of the spin
dipole p, 5 components of the spin quadrupole d, and
57 components of the spin octupole f . The spin density
matrix is conveniently expanded in the basis matrices as
follows
ρ =
I
4
+ p0
Jz√
5
+
(
p1
J+√
10
+ H.c.
)
+ ρd + ρf , (3)
where
ρd =
d0
2
(
J2z −
5
4
)
+
(
d1
{Jz, J+}√
6
+ d2
J2+√
24
+ H.c.
)
,
ρf = f0
√
5
3
(
J3z −
41
20
Jz
)
+
(
f1
√
5
12
{
J2z −
17
20
, J+
}
+
f2√
6
{Jz, J2+}+
f3
6
J3+ + H.c.
)
.
In these notations, the components p0, d0, and f0 are
real while the other dipole, quadrupole and octupole
components have complex values. The components of
the average spin s are related to the components of
the spin dipole by sz =
√
5 p0, sx =
√
10 Re p1, and
sy = −
√
10 Im p1.
Of particular interest for our study is the quadrupole
component d0. It describes the difference between the
populations of the spin states m = ±3/2 and the states
m = ±1/2. This difference determines the optical cycle
rate and, hence, affects the PL intensity. The correspond-
ing spin-dependent correction to the PL intensity IPL can
be described by
∆IPL = αd0IPL , (4)
where α is a positive parameter. PL intensity variation
is about 0.5% when d0 = 0.05, which provides the esti-
mation α ∼ 0.1.
In thermal equilibrium the spin density matrix is diag-
onal and all the component of p, d, and f are vanishingly
small since the thermal energy kBT is much larger than
the spin splittings in the ground state.
Optical excitation of vacancies creates a non-zero com-
ponent d0 and, therefore, modifies the PL intensity. For
a cw radiation, the steady-state spin density matrix is
found from the quantum kinetic equation
i
~
[H, ρ] = G+ (ρ˙)rel , (5)
where G is the generation matrix and (ρ˙)rel is the term
describing the processes of spin relaxation.
The optical pumping leading a preferable population
of the m = ±1/2 spin states is given by the generation
matrix
G = −η
2
(
J2z −
5
4
)
I0 , (6)
where η is a positive parameter and I0 is the intensity
of incident radiation. The spin relaxation in the ensem-
ble of spin-3/2 centers in the isotropic approximation is
described by three characteristic times: the relaxation
times of the spin dipole Tp, spin quadrupole Td, and spin
octupole Tf .
At zero external magnetic field, d0 is decoupled from
the other components of the spin density matrix, and the
solution of Eq. (5) is straightforward: d0 = −ηTdI0. It
corresponds to the PL intensity correction
∆IPL = −αηTdI0IPL (7)
which is proportional to the relaxation time of the spin
quadrupole Td and scales quadratically with the inten-
sity of incident radiation I0. Excitation with the inten-
sity I0 = 10 W/cm
2 leads to ∼ 10% spin alignment at
room temperature, when Td ∼ 300µs, which allows us to
estimate that η ∼ 10−6 cm2/erg.
In the vicinity of an anticrossing, the spin states are
mixed. For example, at GSLAC-1, the effective Hamil-
tonian (1) rewritten in the matrix form is given by
H =
 E3/2 0 0 00 E1/2 0 00 0 E−1/2 Λ1/2
0 0 Λ1/2 E−3/2
 , (8)
where the energies E−1/2 and E−3/2 are close to each
other and Λ1 is the level splitting at GSLAC-1.
In the relevant case of long relaxation times, when
Tp, Td, Tf  1/Λ1, only the multipoles with the zero an-
gular momentum projection p0, d0, and f0 are significant.
The other multipoles are small because of rapid oscilla-
tions in the magnetic field. The iterative consideration
of Eq. (5) in the vicinity of GSLAC-1 yields the matrix
equation for p0, d0, and f0
R1
 p0d0
f0
+
 p0/Tpd0/Td
f0/Tf
 =
 0−ηI0
0
 , (9)
where R1 is the matrix describing the multipole mixing,
R1 =
Λ21(3/Tp + 5/Td + 2/Tf )
100(E−1/2 − E−3/2)2
 1 −√5 2−√5 5 −2√5
2 −2√5 4
 .
(10)
By solving Eq. (9) we obtain the steady-state values of
the spin multipoles s0, d0, and f0 and, hence, the modi-
fication of the PL intensity. Such a calculation gives the
following dependence of the PL intensity on the magnetic
field Bz in the vicinity of GSLAC-1
∆IPL
IPL
= −αηTdI0
[
1− A1δ
2
1
(Bz −B1)2 + δ21
]
, (11)
where B1 = 2D/gµB is the magnetic field at which
GSLAC-1 occurs,
A1 =
5Td
5Td + 4Tf + Tp
, (12)
δ21 =
(
Λ1
gµB
)2
(5Td + 4Tf + Tp)(5/Td + 2/Tf + 3/Tp)
100
.
6The peak in the dependence ∆I(Bz) has the Lorentz
shape with the amplitude A1 and the width δ1.
In addition to the change in the PL intensity, the mix-
ing of spin states at GSLAC-1 leads to the emergence of
the average spin sz and the spin octupole component f0,
sz = − η TpI0A1δ
2
1
(Bz −B1)2 + δ21
, f0 =
2√
5
Tf
Tp
sz . (13)
We emphasize that the spin polarization of VSi is in-
duced here by linearly polarized (or unpolarized) radia-
tion. Moreover, the optically induced spin polarization
can easily exceeds the vanishingly small equilibrium po-
larization determined by the ratio gµBB/kBT which is
∼ 10−5 for the magnetic field B = 3 mT and the tem-
perature T = 300 K. The emergence of spin polarization
can be observed, e.g., via the spin Faraday or spin Kerr
effects.
Similar analysis and calculations can be carried out
for the mixing of the states m = +1/2 and m = −3/2
at GSLAC-2 which occurs in the magnetic field B2 =
D/(gµB). In this case, the steady-state spin multipoles
satisfy Eq. (9) with the matrix of the multipole mixing
R2 =
Λ22 (1/Td + 1/Tf )
20(E+1/2 − E−3/2)2
 4 −2√5 −2−2√5 5 √5
−2 √5 1
 ,
(14)
where Λ2 is the level splitting at GSLAC-2. The PL
variation at GSLAC-2 is then given by
∆IPL
IPL
= −αηTdI0
[
1− A2 δ
2
2
(Bz −B2)2 + δ22
]
, (15)
where
A2 =
5Td
5Td + Tf + 4Tp
, (16)
δ22 =
(
Λ2
gµB
)2
(5Td + Tf + 4Tp)(1/Td + 1/Tf )
80
.
The average spin sz and the spin octupole component f0
also emerge at GSLAC-2. They are given by
sz = − 2η TpI0A2δ
2
2
(Bz −B2)2 + δ22
, f0 = − 1
2
√
5
Tf
Tp
sz . (17)
Since the level splitting at GSLAC-2 is smaller than the
level splitting at GSLAC-1 (see the discussion above), the
PL intensity variation is more pronounced at GSLAC-2,
which is in accordance with the experiment.
IV. ALL-OPTICAL MAGNETOMETRY AND
THERMOMETRY
The fact that the PL intensity varies in the vicinity
of level anticrossings, as it was demonstrated experimen-
tally and explained theoretically in Sec. III, suggests a
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112 nT starting from the magnetic field of GSLAC-2.
method for all-optical sensing of the magnetic field. The
experimental procedure is straightforward and does not
require the application of an additional RF magnetic
field, which is typically used in high sensitive magne-
tometry based on color centers. We tune our system to
GSLAC-2, characterized by the narrowest resonance (see
Fig. 4) and monitor the PL intensity through the lock-in
signal. Small variations of the magnetic field along the
c-axis is applied to induce a change in the PL intensity.
Figure 5 shows the time dependence of the PL signal
for the magnetic field changing by steps starting from the
magnetic fieldB2 at GSLAC-2. The PL intensity exhibits
clearly pronounced changes. The analysis of the signal-
to-noise ratio shows that one achieves the dc magnetic
field sensitivity better than 100 nT/
√
Hz within a volume
of 3×10−7 mm3 [35]. The approach does not require
the application of RF fields and, therefore, is scalable to
much larger volumes. For an optimized light-trapping
waveguide of 3 mm3, the projection noise limit is below
100 fT/
√
Hz.
The zoom-in of the PL intensity variation with the
magnetic field in the vicinity of GSLAC-2 is shown in
Fig. 6. The figure reveals that the used method of mag-
netometry is robust at high temperatures up to at least
500 K, suggesting a simple, contactless method to mon-
itor weak magnetic fields in a broad temperature range.
While this method is limited to detection of only one
component of the magnetic field, vector magnetometry
schemes measuring also the field direction using VSi color
centers in SiC were proposed as well [32, 33].
The positions of level anticrossings in the magnetic
field for the ground and excited states are determined by
the corresponding constants of zero-field spin splitting.
The zero-field splittings depend, in turn, on temperature
or strain, which can be used for measurements of tem-
perature or strain applied to the structure. In particular,
it is found that while the zero-field spin splitting in the
ground state 2D is almost temperature independent, the
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FIG. 6. Variation of PL intensity with the magnetic field
oriented along the c-axis at the vicinity of GSLAC-2. Curves
are measured at different temperatures.
zero-field splitting in the excited state 2D′ has a giant
thermal shift of about 2.1 MHz/K [36]. The results are
summarized in Fig. 7b.
The thermal shift of the zero-field splitting in the ex-
cited state can be deduced from the ODMR measure-
ments by monitoring the magnetic field position corre-
sponding to the change in the ν1 line contrast which
occurs at ESLAC-1. At room temperature, ESLAC-1
occurs at around 15 mT, as seen in Fig. 2b. The re-
sults of the measurements at T = 200 K depicted in
Fig. 7a show that the contrast changes and, accord-
ingly, ESLAC-1 occur at around 22 mT. Alternatively,
the zero-field splitting in the excited state can be deter-
mined RF-free way by monitoring the PL intensity in the
vicinity of the excited-state level anticrossing ESLAC-2.
The dependence of 2D′ on temperature determined from
both techniques together with a linear fit are depicted in
Fig. 7b. The observed strong temperature shift of the ES-
LAC position suggests an all-optical thermometry. Here,
we achieve a sensitivity better than 100 mK/
√
Hz with
the volume 10−6 mm3 and the projection limit below
100 mK/
√
Hz for the volume 1 mm3 [36].
We note that the sensing techniques described above
utilize different level anticrossings. The all-optical mag-
netometry scheme relies on GSLAC-2, which shows no
temperature shift, while the thermometry relies on the
giant temperature shift of ESLAC-2. It suggests that all-
optical integrated magnetic field and temperature sensors
can be implemented on the same VSi center.
V. SPIN FLUCTUATIONS AND OPTICAL
BLINKING
The spin and optical properties of color centers can be
also studied by probing the fluctuations stemming from
the interaction of the centers with environment. Owing
to the fundamental connection between fluctuations and
FIG. 7. (a) Evolution of the ν1 and ν2 ODMR lines in the
vicinity of ESLAC-1 at T = 200K. From the change in the
contrast of the ν1-line, the position of ESLAC-1 and hence the
zero-field splitting of the excited state 2D′ can be determined.
(b) Thermal dependence of the zero-field spin splittings in the
ground and excited states obtained from the ODMR measure-
ments (full circles) and with the all-optical technique (empty
circles).
dissipation processes [58], such a noise spectroscopy is
a powerful tool for studying the spin dynamics in con-
ditions close to thermal equilibrium and beyond, which
has been already demonstrated for atomic systems and
semiconductors [59, 60].
Sensitivity of the optical cycle to the spin state of a
vacancy implies that the intensity of PL from an indi-
vidual center exhibits fluctuations (blinking) caused by
the jumps of the spin center between the “bright” states
(m = ±3/2) and the “dark” states (m = ±1/2). Our
analysis shows that, for an ensemble of vacancies in zero
magnetic field, the spectral density of the PL intensity
fluctuations 〈∆I2ω〉 =
∫ 〈∆I(0)∆I(t)〉eiωtdt is given by
the Lorentz function
〈∆I2ω〉 ∝
1
1 + (ωTd)2
, (18)
where the angle brackets denote averaging over the va-
cancies. It is naturally expected that the time Td depends
on temperature and the intensity of incident radiation
since the relaxation may be much more efficient when
the centers are in excited states.
The maximum of the spectral density of the PL inten-
sity fluctuations can be shifted from zero frequency by
applying a RF field inducing the resonant spin transi-
tions between the spin sublevels ±3/2 and ±1/2 which
are split by 2D. In this case, the spectral density of the
8PL intensity fluctuations assumes the form
〈∆I2ω〉 ∝
1
1 + (ω − ΩR)2T 2d
, (19)
where ΩR is the frequency of the Rabi oscillations in-
duced by the RF field. Thus, the spin fluctuations in
an ensemble of Si-vacancies can be probed by measur-
ing the correlation function of the luminescence intensity
g(2). The spectral density of the PL intensity fluctuations
provides information about the spin relaxation time.
VI. SUMMARY
We have considered the spin structure, spin dynamics,
and optical properties of spin-3/2 color centers associ-
ated with Si vacancies in 4H-SiC. A sharp variation of
the vacancy-related photoluminescence at the vicinity of
spin level anticrossings, which occur at magnetic fields of
a few mT in SiC, can be utilized for all-optical sensing of
physical quantities such as magnetic field, temperature,
strain, etc. We have presented experimental data on all-
optical magnetometry and thermometry and developed
a microscopic theory of the optical signal variation at
level anticrossings. The theory describes the observations
and predicts the emergence of a strong non-equilibrium
spin polarization of vacancy-related centers at level an-
ticrossings. We also have discussed the spin noise in an
ensemble of spin-3/2 centers and proposed a way to mea-
sure the spin relaxation time by analyzing the correlation
function of the photoluminescence intensity.
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